The magnetic order associated with the degree of freedom of spin in two-dimensional (2D) materials is subjected to intense investigation because of its potential application in 2D spintronics and valley-related magnetic phenomena. We report here a bottom-up strategy using molecular beam epitaxy to grow and dope large-area (cm 2 ) few-layer MoSe 2 with Mn as a magnetic dopant.
I. INTRODUCTION
Intentional doping of atomic impurities has been considered as a promising way to induce new functionalities into transition metal dichalcogenides (TMDs)-based two-dimensional (2D) materials. Electron or hole doping via surface adsorption, intercalation or incorporation with electron donors or acceptors, such as NO x , Nb and Li, has been used to tune the Fermi level, to tailor band structures and to engineer structural phase transition of layered TMDs [1] [2] [3] . These approaches aimed at making devices based on purely 2D materials such as p-n junctions for highly efficient photodetectors [4, 5] . Recent efforts to introduce magnetic ordering into 2D materials have been made in the past few years since it will offer room to study the spin physics in 2D materials and potential applications in spintronics and valleytronics [6] [7] [8] [9] [10] . Apart from intrinsically magnetic 2D materials, the spin implantation into TMD materials can be done either by incorporating heteroatoms carrying a magnetic moment or by tuning structural properties via creation of a network of dangling bonds at edge boundaries [7, [11] [12] [13] [14] . As a whole, fabricating magnetic 2D TMD by intentional doping appears to be a straightforward way for further implementation of the 2D TMD into spin and valley-based logic devices and 2D magnetic junctions. Doping would also offer an alternative approach for unravelling the valley-dependent ferromagnetism, i.e. ferrovalleytronics, recently predicted by Tong et al. [15] Bottom-up growth is one of the techniques to elaborate and dope large-scale TMD layers at the same time. Zhang et al. reported stable Mn-doped MoS 2 layers by chemical vapor deposition (CVD) and pointed to the role of the substrate on the Mn incorporation. The doping efficiency, the morphology and the quality of the doped monolayers are limited by the reactivity of the substrate surface [16] . A high chemical affinity between the dopants and the substrate could promote the dopants to react with the substrate rather than to incorporate into the 2D layers. Another strategy is to tailor the structural and electronic properties in order to induce magnetic phases, which was demonstrated by the intercalation process of Re upon the CVD growth of MoSe 2 reported by V. Kochat et al. [17] . The study showed that the phase transition from 2H to 1T phase as a function of Re doping may occur, giving rise to a significant modification of the electronic structure, hence, to a new magnetic ground state in the doped layers. In the distorted lattice (1T phase) with extra electrons injected from the substitutional Re dopants, the degenerate Mo 4d orbitals (d xy , d xz , d yz ), which are energetically stable, exhibit total spins higher than that of the trigonal prismatic coordination symmetry (2H phase). Such a 2H-to-1T transition results in correlated magnetism of the Re-doped MoSe 2 including ferromagnetic, paramagnetic and antiferromagnetic orderings. In this work, we aim to elaborate large-scale Mn-doped few-layers MoSe 2 using molecular beam epitaxy (MBE). We developed a growth strategy with co-deposition of Mo and Mn on mica substrate under a Se-rich atmosphere. The opening of Mn flux shutter was carefully controlled upon the deposition of Mo in order to achieve a homogenous doping. The structure of the as-grown layers was characterized by reflection high-energy electron diffraction (RHEED) and Raman spectroscopy. We show that Mn incorporation has no influence on the crystalline structure of MoSe 2 when the Mn concentration is less than 5% (atomic percent), while the surface becomes rough due to a 2D-to-3D growth transition for higher concentrations. The 3D growth is associated with the formation of Mn-rich clusters that exhibit typical RHEED patterns of the α-MnSe phase. The Mn concentration was deduced from the combination of Rutherford backscattering spectroscopy (RBS), energy dispersive X-ray spectroscopy (EDX) and X-ray photoemission spectroscopy (XPS) measurements. We have also developed a transfer process of the centimeter-scale layers from mica to suitable substrates for further characterizations. Magnetic measurements of monolayers TMD are a challenging task owing to the substrate contribution and a small amount of magnetic matter to measure. The successful transfer allowed us to perform the magnetic measurements using highly sensitive magnetometer superconducting quantum interference device (SQUID). In this study, the magnetic data have shown that Mn dopants induce magnetic states in the doped layers which imply ferromagnetic ordering and paramagnetic states. The paramagnetic feature likely stems from the presence of isolated Mn ions and strongly dominates the magnetic properties at low temperatures. The ferromagnetic states could be clearly distinguished when performing the magnetic measurements at high temperatures. Thereby, we point to a high-temperature ferromagnetism in Mn-doped MoSe 2 layers, showing a high interest of the doped 2D layers in 2D spintronics and 2D valley-related physics. Finally, we want to stress that Mn acting as a donor in MoSe 2 lattice modifies the Fermi level, thus enhancing the contacting transparency of the 2D layers. Indeed, electrical measurements of the 1% Mn-doped sample carried out with millimeter and microscopic structures have shown a weak contact resistance with low activation energy compared to that of the undoped layers.
Furthermore, the negative magnetoresistance (MR) was observed for both structures with a same magnitude, suggesting that the electrical properties are intrinsic properties of the doped layers at macroscopic or microscopic scales. Our results demonstrate that magnetic doping of the MoSe 2 by use of Mn is a robust strategy to establish the spin degree of freedom in 2D TMD layers, paving new perspective of magnetic 2D materials.
II. RESULTS AND DISCUSSION
Prior to inserting Mn into MoSe 2 , a systematic study of the growth of undoped 3-monolayer (ML)-thick MoSe 2 on mica was conducted at first. All characterizations and results are available in Supplementary Material. We found that good quality of undoped MoSe 2 layer could be achieved at the growth temperature of 500
• C with a Mo flux of 5.2 Å/min. These conditions were consequently used throughout the Mn doping investigation.
The crystallinity of the doped 3-ML-thick MoSe 2 layers as a function of the dopant content of 1%, 5% and 10% was monitored during and after the growth by RHEED shown in (111) substrates [18] . The RHEED diffraction showing Mn content-dependent transition from 2D
to 3D growth implies a margin of optimal Mn concentration for a uniform doping. The concentration margin is determined to be less than 5%, meaning that high-quality Mn-doped
MoSe 2 layers could be reached in these limits. Over this range, the phase separation induced by a low miscibility of Mn in MoSe 2 matrix and chemical affinity of Mn regarding Se give rise to the formation of the α-MnSe phase. Existence of the α−MnSe clusters would be detrimental to the magnetic properties of the doped MoSe 2 layer since this phase is known to be not ferromagnetic [19] . We have shown that the Mn atoms are well present in the doped layers over the analyzed surfaces. We have subsequently employed XPS spectroscopy being a powerful tool for chemical analysis to get further insight into the bonding states of each element in the doped layers, in particular, the oxidation states of Mn. Figure 2b shows typical high-resolution [20] . It is shown that Mo and Se 3d peaks both feature shoulders at a higher binding energy. These broad peaks are ascribed to the oxidized states of Mo and Se as observed in the undoped layers [21] . Note that the oxidization originates from the air exposition of the grain edges, which are mostly Mo terminated. On the other hand, Fig. 2b shows distinct peaks related to the Mn 2p core level in the doped layer. The spectrum is composed of a major doublet located at binding energies of 641.3 eV and 653.1 eV and a satellite doublet at 646.9 eV and 658.6 eV, indicating the presence of a ligand effect [22] . The binding energy of Mn peaks shows a shift (+2.4 eV, blue arrow) of oxidation state to higher energy compared to the one of metallic Mn 0 . We point to a Mn-Se bonding since we may also ascribe a pair of components of Se 3d to this bonding ( Fig. 2b ) [23] . Part of the main doublet is probably related to Mn-O bonding, but it is not straightforward to identify the contribution of each item because of the low intensity.
The fitting yields a Se/Mo ratio of 1.88 ± 0.28 % and a Mn concentration of 16.2 ± 1.2 %.
The relative atomic concentrations measured with XPS must be carefully considered due to the depth heterogeneity of the material and the low intensity of the Mn peaks. Furthermore, the EDX analysis of the same sample confirms the presence of Mn over nanometer-square surface as shown in Fig. 2d . Note that the EDX mapping of the Mn element does not show any Mn clustering for the analyzed surface. The in-plane TEM micrograph (Fig. 2c) of the same region shows no clusters or residues. It is also shown that the morphology of the doped layer is comparable to the one of the undoped layer (Supplementary Material).
We are unfortunately unable to resolve the location of Mn atoms due to the multilayered character of the doped layers.
In the following, we describe a transfer process of the as-grown layers based on the hydrophilic character of mica. The process is straightforward and can be easily used for transferring the 2D layers onto any substrate. The process is a crucial step to investigate the magnetic and electrical properties of the doped layers because of the two main reasons. First, as mica (muscovite) contains a fraction of iron atoms that give a significant contribution to the measured magnetic signal. Second, the transfer of the layers onto other substrates permits to perform processes that we are not able to make directly on mica such as e-beam lithography. We employed the varnish as a support layer which plays a role of the transporter of the 2D layers. Similarly to other wet transfer processes, the varnish is first spread out on the doped layers and a sticking solid layer is formed after the solvent is evaporated. The 6 layers + mica substrate are then dipped into deionized water where the water penetrates slowly at the interface between the layer and mica since the dipolar water molecule interacts strongly with the mica top-layer composed mostly of K + ions. That enables to lift off the stack (2D layer and varnish) which floats at surface of water. We retrieve and put the stack onto the target substrate by fishing gently. We then bake the transferred layers on a hot plate at 80
• C for few minutes. The transferred layers exhibit a high homogeneity on target substrate with a small fraction of cracking zones. That was also evidenced by optical microscopy and by mapping Raman peaks which are as intense as the ones of the before-transferred samples.
We performed the magnetic measurements with a SQUID magnetometer. Probing the magnetic state of doped 2D layers is an intriguing issue that requires a great attention in terms of sample handling and data analysis. We were also aware of the high sensitivity of SQUID which makes the data interpretation complicated because of a large substrate volume as compared to the one of the 2D layers. Many magnetic measurements using a SQUID or vibrating-sample magnetometer (VSM) on the 2D TMD layers have been done with thick substrates which presumably exhibit a high susceptibility [18, 25] , leading to a strong substrate contribution to the final magnetic signal. In order to tackle this issue properly, we first transferred the as-grown layers following the transfer process described above onto Si substrates. They are cut into 5 mm x 5 mm pieces and are sharply thinned down to 100 microns in order to minimize the magnetic contribution from the substrate. Furthermore, for the specimen mounting, we employed a sample holder made of two suprasil rods and a special non-magnetic glue to fix the specimens on the holder. Both the holder and the glue exhibit diamagnetic signal. All precautions for sample handling (such as non-magnetic tweezers) were taken seriously throughout the sample mounting. All the measurements presented here were carried out with magnetic fields applied perpendicular to the sample surface. As shown in Fig. 4a , the raw magnetic signals as a function of the number of transfers exhibit a significant opening of the hysteresis loops when increasing the matter quantity. It clearly turns out that the signal from the substrate is mostly dominated by the diamagnetic component. Such a measurement allows proving the reliability of the transfer process regarding the magnetic characterization and our measured magnetic data. Theoretical calculations predicted that ferromagnetic ground state would exist in magnetically doped TMD layers in which the spin-spin interaction survives at long range albeit fluctuations due to the dimensionality effect [26] . A robust ferromagnetic order might persist up to room temperature with high doping concentration of dopant [27] . It also turns out that substitutional sites occupied by magnetic dopants such as Mn, Co and Fe are energetically favorable although the incorporation structurally breaks the 2D lattice equilibrium [28] . we clearly demonstrate that a compromise between a good crystalline quality and magnetic
properties of the doped layer should be considered for further study.
In the last section, we focus on the electrical properties of the doped layers on two different substrates: mica substrate with millimeter-sized contacts based on Pt deposited in-situ in the MBE chamber and oxide-on-Si substrate with microscopic Hall bars (Au-based micron-sized contacts) as depicted in Fig. 5a and 5b. These figures also show the four-probe resistivity as a function of temperature for the two structures on mica and silicon substrates (hereafter denoted as structure M and S, respectively). Since the layer thickness t probe spacing, we estimated the film resistivity by using [30] : ρ = (π/ln2) × (V /I) × t, where V and I are voltage and current, respectively. We observe that the resistivity increases very slowly when decreasing the temperature down to 50 K. Below 50 K, the resistivity increases sharply.
In the low-temperature regime (T < 50 K), we estimated the activation energy E a ≈ 7.5 meV and 1.7 meV for the structures M and S, respectively. The activation energies E a are found to be low for two structures, which is indicative of the same origin of the transport carriers. We suggest that the majority of transport carriers dominating the transport are generated from the Mn donors in the doped layers. These values are comparable to the ones of Mn-doped Ge, GaAs layers, indicating deep level doping of Mn [31, 32] . At this regime, the carriers get localized, leading to the substantial increase of the resistivity. In the hightemperature regime, we found that the resistivity of the Mn-doped MoSe 2 layer with the structure M is one order of magnitude smaller than that of the undoped layer for the same range of temperature as reported earlier [21] . That clearly indicates doping characteristic of Mn dopants on electrical properties.
Finally, the electrical transport under the application of magnetic fields show identical characteristic with a negative MR at low applied fields for both structures (Fig. 5c, 5d ).
We do not observe any transition to positive MR as a function of temperature as well as a saturation of MR up to 7 Tesla. These features resemble to the electrical properties of the MBE-grown undoped MoSe 2 layers and their origin is still unclear so far [21] . We can speculate that the Mn impurities should have an impact on the negative MR via isolated magnetic moments carried by Mn ions that would act as spin scattering centers. Therefore, the negative MR could persist up to 200 K without any transition, while a negative-topositive crossover was evidenced at around 90 K in multilayered flakes TMD [33] . A striking feature we want to underline here is that the MR curves of the macroscopic contacts (structure S) have the same magnitude as the ones of the millimeter contacts (structure M) for the same range of temperatures. This finding suggests that the transport properties are intrinsic properties of the doped layers which are independent on the characteristic scale of the measurements. This also bears out the regularity and the feasibility of our transfer process regarding the properties of the doped layers. Unfortunately, we did not observe any magnetic correlation with the electrical data and the Hall measurements show negligible signals for the whole studied range of temperatures. A low mobility of the carriers expected in our layers could be an argument for this absence. 
